Introduction
There is increasing interest in the use of early weaning management systems in the Australian pork industry. The main drive for this move is the possibility of using segregated early weaning to break the disease transfer cycle from sow to piglet. Another reason for early weaning is that, from about 14 days of lactation, sow milk yield and composition can limit piglet growth to well below its potential (Williams 1995; Toner et al. 1996) . Between birth and weaning sucking pigs grow at approximately 220 g/day, but this growth rate is far below the biological potential of the artificially reared pig, which can grow in excess of 400 g/day (Hodge 1974; Harrell et al. 1993; Dunshea and Walton 1995) .
The success of weaning at 14 days of age and making use of the enormous growth potential of the piglet will depend largely upon the development of appropriate diets that meet the digestive and physiological development of the piglet. In particular, the dietary lysine and protein requirements of the early-weaned pig need to be met to maximise growth and lean tissue deposition. There are very few data on the re-commended lysine requirements of the 14-day-old weaned pig, and the few studies that have been conducted were generally done with pigs fed liquid milk diets. Data from milk-fed pigs provided estimates of 0.87-0.95 g lysine/MJ gross energy (GE) (Williams 1976; Auldist et al. 1997) for pigs averaging 4.5 kg liveweight. The paucity of data for this class of pig has resulted in quite disparate recommendations for pigs fed solid diets. For example, recommended lysine intakes for 5-kg pigs vary from 14.5 g/kg (NRC 1998) and 14.8 g/kg (ARC 1981) , to 19.0 g/kg (SCA 1987) . The effect of bodyweight of the piglet on these requirements at weaning is also not known. Therefore, the following study was designed to determine the lysine requirements of pigs weaned at 14 days of age onto solid diets, and to determine whether body weight at weaning (i.e. heavy or light) had any effect on lysine requirements.
Materials and methods

Animals and treatments
Eighty 14-day-old male pigs that were either heavy (6.0 kg) or light (3.6 kg) for age were weaned into individual pens in an experimental weaner shed. The shed was maintained at 28°C with additional heat provided by individual heating lamps. Five pigs from each weight group were immediately euthanased to determine initial body composition, as outlined below. The remaining 70 pigs were randomly allocated to a 2 × 7 factorial experiment involving the 2 bodyweight classes and 7 diets (Table 1) containing 9.2-21.0 g lysine/kg. The ratios of other essential amino acids to lysine were formulated to be in excess of the ideal ratio to lysine for this class of pigs (SCA 1987) , thereby ensuring that lysine was the first-limiting amino acid.
Diets were prepared as a mash since it was difficult to pelletise the diets containing high levels of sugar and starch.
Measurements
Pigs and feed refusals were weighed at Days 2, 4, and 7 after weaning, and weekly thereafter until pigs approached 10.0 kg. When pigs reached 10 kg they were euthanased with sodium pentabarbitone (1 mL/2 kg bodyweight) and visceral organ sizes determined. The carcass and empty viscera were then combined (empty body) before being frozen. The empty body was ground and analysed for dry matter, ash, and protein content by the methods of Campbell et al. (1985) . Dry matter was determined in triplicate in a force-draft oven at 85°C. Samples of ground empty body were then freeze-dried and ash content was determined in a muffle furnace at 600°C. Protein was determined by Kjeldahl analysis (AOAC 1984) and fat content by soxhlet fat extraction (AOAC 1984) . The amino acid composition of the feed was determined by the method of Rayner (1985) on a Waters ion-exchange, amino acid analysis column using post-column derivitisation with ninhydrin. This method of analysis did not allow quantification of tryptophan and cysteine. However, the diets were formulated to contain these amino acids in excess of requirements (SCA 1987) .
Statistical analysis
Treatment effects were assessed by analyses of variance for a completely randomised design (Snedecor and Cochrane 1967) with the main effects being bodyweight at weaning and dietary lysine content. The responses to dietary lysine were also tested for linearity and curvilinearity. In order to estimate lysine requirements, 2-phase rectilinear, quadratic, and monomolecular (or asymptotic) models were fitted to the protein deposition data (Auldist et al. 1997) . For the rectilinear model the lysine requirement was estimated to be at the inflection point, whereas for the quadratic and asymptotic models the lysine requirement was estimated to occur at a point where 95% of the asymptote was achieved. There were no significant weight × lysine interactions except for water and fat content of the empty body at slaughter; these are described in the text. All analyses were performed using GENSTAT (Payne et al. 1993) .
Results
The heavy pigs were 28% heavier at birth than the light pigs (1950 v. 1520 g, P < 0.001). By 14 days of age the heavy pigs were 40% heavier than their lighter counterparts (5980 v. 3590 g, P < 0.001). The liveweight and empty body composition of the representative pigs that were euthanased at weaning are given in Table 3 . The heavier pigs had a greater protein, water, fat, and ash mass than the light pigs. The heavy pigs were fatter (g/kg empty bodyweight) than the light pigs at 14 days of age (P = 0.035). These estimates of body composition were used to determine tissue deposition rates between weaning and 10 kg of liveweight. The heavy pigs also had larger visceral organs (Table 4 ). Stomach and small intestinal contents were identical for the heavy and light pigs, whereas caecal and large intestinal contents were greater in the heavy pigs. All pigs suffered a growth check after weaning with many pigs not regaining their weaning weight until 7 days after weaning ( Fig. 1 ). There was no consistent effect of dietary lysine level on weight gain in the first week post weaning, nor were there any effects of weaning weight (Table 5) . After re-establishing their weaning weight, the heavy pigs grew more quickly in the second week after weaning (Table 5, 222 v. 154 g/day, P < 0.001). Since the light pigs spent longer on experiment (32.4 v. 22.3 days, P < 0.001), the growth check period was a smaller proportion of the total time on experiment ( Fig. 1) . As a consequence, the average daily gain Lysine requirements of early weaned pigs (ADG) of the light pigs up to 10 kg was greater than that of the heavy pigs (Table 5 ; 218 v. 200 g/day, P = 0.020).
However, it was difficult to determine lysine requirements from ADG rates since the response curve was relatively flat. Feed intake decreased linearly with increased dietary lysine level such that feed intake in pigs fed the lowest level of lysine was 38% greater than in pigs fed the highest level of lysine. As a consequence, feed conversion efficiency (FCE) increased with dietary lysine content and was not maximised within the range of dietary lysine levels used. The relationship between FCE and dietary lysine (L, g/kg) was fitted to a rectilinear function which had a linear ascending phase and a horizontal component representing maximum FCE at higher levels of dietary lysine (Fig. 2) . The ascending linear phase of the model was described by the equation:
and the maximum FCE was 0.703 g/g. Estimated from the intercept of the regression and horizontal lines, maximum FCE occurred at 17.7 g lysine/kg. The relationship was also described by a quadratic function, with the equation being:
Based on the lysine requirement occurring at a point where FCE reached 95% of the maximum FCE (0.751 g/g), the lysine requirement was estimated to be 21.0 g lysine/kg. Since the asymptotic model gave an estimate of maximum FCE (0.844 g/g) far beyond the range of FCE measured, no attempt was made to estimate lysine requirement from this relationship.
Estimated empty body composition and estimated rates of tissue deposition are given in Table 6 . Body water content increased with increasing dietary lysine content and was greater in the pigs that were light at weaning. Conversely, estimated empty body fat content decreased with dietary lysine content but was not different between pigs that were weaned at heavy and light weights. However, there were significant interactions (P < 0.004) between weight and lysine content for water and fat contents such that light pigs were fatter at low lysine levels but leaner at high lysine levels. Empty body protein content increased with dietary lysine content and tended to be greater (P = 0.059) in pigs weaned at heavier weights. Empty body ash content decreased linearly (P < 0.001) with increasing dietary lysine content and was greater in pigs weaned at a heavier weight. Empty body water and protein deposition were not affected by weight at weaning but increased with dietary lysine content up until about 15.1 g lysine/kg, after which they remained relatively constant (Fig. 2) . In contrast, fat deposition decreased linearly (P < 0.001) with increasing dietary lysine level and was 3 times higher in pigs that were weaned at lighter weights. Ash deposition was greater (P = 0.001) in pigs that were weaned at heavy weights but was not altered by dietary lysine content.
The relationship between protein deposition (PD, g/day) and dietary lysine (L, g/kg) was fitted to a rectilinear function which had linear ascending phase and a horizontal component representing maximum protein deposition at higher levels of dietary lysine (Fig. 3) . The ascending linear phase of the model was described by the equation: PD = 4.84 + 1.948L (R 2 = 0.935, P = 0.002) and the maximum protein deposition was 32.3 g/day.
Estimated from the intercept of the regression and horizontal lines, maximum protein deposition rate occurred at 14.1 g lysine/kg. The relationship was also described by a quadratic function with the equation being: PD = -2.74 + 3.74L -0.099L 2 (R 2 = 0.916, P = 0.003)
Based on the lysine requirement occurring at a point where PD reached 95% of the maximum protein deposition (32.5 g/day), the lysine requirement was estimated to be 14.9 g/kg. Finally, the relationship was also described by an asymptotic model with the equation being: PD = 32.60 -186 × 0.727 L (R 2 = 0.919, P = 0.003) Lysine requirements of early weaned pigs Based on the lysine requirement occurring at a point where PD reached 95% of the maximum protein deposition (32.6 g/day), the lysine requirement was estimated to be 14.9 g/kg.
Visceral organ weights are presented in Table 7 . Full viscera weight increased (P < 0.001) with dietary lysine content but was not different between the heavy and light pigs. The weight of the kidneys increased linearly (P < 0.001) with dietary lysine content and was greater (P < 0.001) in the light than the heavy pigs. The liver, heart, and spleen were not affected (P > 0.28) by dietary lysine but were heavier (P < 0.033) in the light pigs. Conversely, the thymus was heavier (P < 0.005) in the heavy pigs. The weight of the pancreas increased (P = 0.004) with dietary lysine content but was not different (P = 0.29) between heavy and light pigs. While the weight of the full viscera was not affected (P = 0.59) by weaning weight, the weight of the empty gastrointestinal tissues were all greater (P < 0.040) in the light pigs. Also, the weight of the empty gastrointestinal tissues increased (P < 0.004) with dietary lysine content. There was no effect (P > 0.32) of weaning weight on gastrointestinal tract contents nor any effect of dietary lysine content (P = 0.96) on stomach contents. However, the contents of other segments of the gastrointestinal tract increased either linearly (small intestine and large intestine, P < 0.064) or quadratically (caecum, P = 0.030) with increasing dietary lysine content.
Discussion
These data demonstrate that the lysine requirement to maximise protein deposition in the early-weaned pig up to 10 kg liveweight is not different for pigs that are either heavy-or light-for-age at weaning. However, the actual estimate of lysine requirement depends upon the model used to fit the data. The relationship between dietary lysine and protein deposition in young pigs has been described variously by rectilinear, quadratic, and asymptotic models (Auldist et al. 1997) , with arguments proposed in favour of each model (Bikker 1994) . The most suitable model would be that which relates to physiological mechanisms as well as taking into account the variability that exists within a population. While a rectilinear relationship has been shown to be appropriate for individual animals (Fisher et al. 1973) , the cumulative curve resulting from the summation of the different rectilinear relationships for a population of animals will most likely be of an asymptotic or a quadratic (if grossly excessive amounts of lysine are fed) form. Thus, the asymptote will be the level of lysine which maximises protein deposition in the individual with the highest requirement within a population, and the point at which this occurs will overestimate the lysine requirement for the rest of the population. Therefore, a level corresponding to 0.95 of the asymptote was chosen for this study resulting in a dietary lysine requirement of 14.9 g lysine/kg or approximately 0.91 g lysine/MJ digestible energy (DE). Using the inflection point of the rectilinear model to determine the lysine requirement yielded a value of 14.1 g/kg, or approximately 0.86 g lysine/MJ DE. However, it is important to take care when stating dietary lysine requirements for early-weaned pigs on an estimated available lysine basis as lysine digestibility is lower in earlyweaned, compared with conventionally weaned, pigs Brisson 1957a, 1957b; Chae et al. 1999) . This is in part because digestive enzymic capacity is lower in early-weaned pigs (Cunningham and Brisson 1957a) , particularly in those that are small-for-age Pluske et al. 1997) . Also, digestibility of some vegetable protein sources is lower than that of milk and other animal protein sources in younger pigs (Maner et al. 1961 ). Very few workers have investigated the lysine requirements of similar aged pigs using protein deposition as the response criteria. In one of the few studies where protein deposition was measured, Campbell et al. (1988) fitted their data to a rectilinear model and reported that the lysine requirements of pigs were approximately 13.1 g/kg or 0.82 g/MJ DE over the liveweight range 8-20 kg. Most others who have measured protein deposition generally estimated lysine requirements in pigs fed milk-replacer diets. For example, using a rectilinear model, Williams (1976) estimated the lysine requirement over the liveweight range 1.8-6.8 kg to be 0.87 g/MJ GE. Auldist et al. (1997) estimated the lysine requirements over the liveweight range of 2-7 kg to be 0.95 or 1.07 g/MJ GE depending upon whether rectilinear or asymptotic models were used to describe the data, respectively. If it is assumed that the milk-replacer diets have a digestibility of approximately 0.97, then the dietary lysine requirement to maximise protein deposition in pigs growing up to approximately 7.0 kg is approximately 0.94 g lysine/MJ DE, slightly higher than that estimated from the rectilinear model in the present study. Given that the lysine content required to maximise protein deposition declines with liveweight (NRC 1998) it is perhaps not surprising that the estimates of lysine requirements obtained in the present study are intermediate between the studies of Williams (1976) and Auldist et al. (1997) on one hand (for pigs over the liveweight range of 2 and 7 kg), and Campbell et al. (1988) on the other (for pigs over the liveweight range 8-20 kg).
Researchers who have estimated lysine requirements of weaner pigs have mostly used ADG or FCE as their criteria and fitted their data to quadratic models. For example, Goodband et al. (1988) weaned pigs at 14 days of age when they averaged 4.5 kg liveweight and found that ADG increased while feed : gain decreased quadratically with dietary lysine level, with both being optimised at 14.0 g lysine/kg. Martinez and Knabe (1990) used pigs weaned at 28 days weighing 6.1 kg and found that ADG and FCE increased linearly and quadratically, respectively, with dietary lysine level, with both being optimised at 11.0-12.0 g lysine/kg. Using all the data published between 1985 and 1998 the NRC (1998) estimated lysine requirements to be 14.5 and 12.5 g/kg for 5-and 10-kg pigs, respectively.
It appears from the present study and that of Auldist et al. (1997) that the dietary lysine requirements of young pigs have changed very little in the last 20 years or so. Although modern and improved genotypes are capable of much higher rates of protein deposition than those of a couple of decades ago (Schinckel et al. 1996) , it is most likely that the major effect of genetic selection for lean tissue growth has been on mature body size. Therefore, while modern genotypes have higher dietary lysine requirements than unimproved genotypes when compared at the same liveweight, these differences may be less apparent in very young pigs compared at a similar degree of maturity.
There was a pronounced reduction in feed intake with increasing level of lysine. While this may be a direct response to dietary lysine per se, it is most likely a response to some of the dietary ingredients. The different diets used in the present study were constructed by formulating a balanced high lysine summit diet and diluting the other diets with sugar and starch (1 : 1). This approach has been used many times in our laboratory to determine responses to lysine, without any pronounced reductions in feed intake with increasing dietary lysine content (Campbell et al. 1988; King et al. 1997) . It may be possible that the sugar-starch combination encouraged feed intake at the lower levels of dietary lysine, either through greater palatability or perhaps enhanced rate at which the feed was digested. Alternatively, the increased fibre content with increasing lysine content (due to increasing amounts of wheat) may increase hindgut fermentation, thereby having a negative effect on feed intake (Gannon et al. 1996) . It is interesting to note that despite feed intake decreasing with increasing lysine content, the large intestinal contents increased with dietary lysine content. It may be that these mechanisms are very sensitive in earlyweaned pigs with relatively immature gut development. It is also possible that inclusion of sugar or readily digestible starch into the diets of early-weaned pigs may increase feed intake and perhaps favourably alter hindgut microflora. McDonald et al. (1997) have used cooked white rice, a readily digestible carbohydrate source, to decrease large intestine contents and hemolytic E. coli numbers in weaned pigs.
Early-weaned pigs that were light at weaning deposited more fat and had a higher ratio of fat to protein deposition up to 10 kg than pigs that were heavier at weaning. While this did not increase the fat content of the carcass, except in pigs fed diets containing low levels of lysine, if these differences in the ratio of fat to protein persisted then light, early-weaned pigs may be fatter than heavy early-weaned pigs at slaughter. The reason why the empty body fat content of the pigs at 10 kg liveweight did not differ markedly between the pigs weaned at divergent weights is because the heavy pigs had a greater fat content at weaning than the lighter pigs. The FCE from 21 days onwards tended to be lower in light pigs, which is consistent with a greater fat to protein deposition in these animals.
Many of the major organs such as the kidney, liver, and heart were not affected by dietary lysine content but were heavier in the light pigs. These differences in tissue weights could place a greater energetic burden on the light pigs, although this was not reflected in the FCE over the entire experiment. However, FCE did tend to be less in the light pigs after the first week post-weaning (0.70 v. 0.83, P = 0.086, Table 5 ). While the weight of the full gastrointestinal tissues was not affected by weaning weight, the weights of the empty gastrointestinal tissues were all greater in the light pigs. The weight of both the full and empty gastrointestinal tissues increased with dietary lysine content. Therefore it appears that sufficient dietary protein is required if intestinal weight is to be maximised. Whether increased gastrointestinal tissue (particularly in small intestine) mass is associated with increased digestive function and disease prevention is open to conjecture. In addition, the pancreas, an important organ for the production of enzymes and hormones, also increased in weight in response to dietary lysine content but was not different between heavy and light pigs.
In conclusion, the lysine requirement to maximise protein deposition in the early-weaned pig up to 10 kg liveweight was approximately 14.1 g/kg or 0.86 g/MJ DE, and was not different for pigs that are either heavy-or light-for-age at weaning. Dietary sugar and/or starch may increase feed intake in early-weaned pigs. Finally, early-weaned pigs that are light at weaning deposit more fat in relation to protein and may ultimately be fatter at slaughter than their heavier counterparts.
